Abstract: Biofuels have the potential to alter the transport and agricultural sectors of decarbonizing societies. Yet, the sustainability of these fuels has been questioned in recent years in connection with food versus fuel trade-offs, carbon accounting, and land use. Recognizing the complicated playing field for current decision-makers, we examine the technical attributes, policy, and global investment activity for biofuels (primarily liquids). Differences in feedstock and fuel types are considered, in addition to policy approaches of major producer countries. Issues with recent, policy-driven trade developments are highlighted to emphasize how systemic complexities associated with sustainability must also be managed. We conclude with near-term areas to watch.
Introduction
Biofuels have been used for years as a way to increase energy self-sufficiency, reduce import costs, and strengthen domestic agricultural development [1, 2] . More recently, biomass-based transport fuels have become a strategic focus for regions wanting to minimize vehicle emissions and increase sustainability [3] . These fuels, along with electric vehicles, are seen as being instrumental in a shift to low-carbon fuels that would bring about sustainability in the transport sector [4] . This potential is shaped by the transport sector, which accounts for one-third of global energy utilization, half of oil consumption, and nearly a quarter of CO 2 emissions from fossil fuel combustion [5] [6] [7] .
Since 2000, the global biofuels supply has increased by a factor of 8% to equal 4% of the world's transport fuels in 2015 [3, 8] (Figure 1 ). This significant rise is attributed to policies such as blending mandates, which foster greater utilization and may partly insulate biofuels during times of oil price flux [3, 9] . Global biofuel production by fuel type (thousand barrels per day). Data adapted from [9] .
While broad interest and opportunity for biofuels exist, near-term plant construction has slowed down. The double-digit supply growth that was evident before 2010 has now tapered off, reflecting policy uncertainty in major markets and structural challenges [3, 8] . A range of pressing questions about sustainability also came to the foreground with respect to food versus fuel tradeoffs, greenhouse gas accounting, and land use. If sustainability and technical challenges are effectively worked out, these fuels have real potential to substantially alter the transport and agricultural sectors of decarbonizing regions. Recognizing this, we assess the present state and sustainability of global biofuel development, placing emphasis on the technical, policy and investment aspects.
To do so, we review the existing literature on liquid biofuels used in transport to outline the current status of development and associated policies. We classify various feedstock and fuel types, discussing the favorability of first generation and advanced biofuels in various development contexts. We then turn to policy, discussing national strategies for some of the major, regional producers, namely Brazil, China, the European Union, India, and the United States. Issues with unsustainable interactions of policy and international trade are examined subsequently in the context of national markets. Global investment developments are then explored. We conclude with areas to watch for policy and future research agendas that could impact the scale of substitution of biofuels in the global fuel markets.
Biofuel Production Pathways
In 2015, historical leaders Brazil and the United States produced approximately 70% of the global biofuel supply [3] , consisting primarily of sugarcane-based and corn-based ethanol, respectively. Suppliers in the European Union and Asia represent emergent markets that have developed in the last two decades (Figure 2 ). Among the newer producing regions, the European Union focuses on bio-diesel from waste, soy, rapeseed, and palm [13] . This compares to production in Asia, which centers on sugarcane, corn, wheat, and cassava, with investment also occurring in palm, soybean, rapeseed, and Jatropha [14] . This type of Global biofuel production by fuel type (thousand barrels per day). Data adapted from [9] .
In industries such as aviation, marine transport, and heavy freight, biofuels are deemed to be the only practical, low-carbon alternative to fossil fuel [4] . Specific to aviation, total greenhouse gas (GHG) emissions were projected to increase by 400%-600% between 2010 and 2050, based on projected growth in travel [10] . In conjunction with such trends, the aviation industry set targets for reducing CO 2 , and flew their first commercial test flight with biofuels in 2008 [11] . As of mid-2015, approximately 22 airlines had completed more than 2000 passenger flights with biofuel representing up to half the jet fuel mix [3] . The recent signing of an agreement by 191 countries to curb aviation pollution underscores that there is substantial market potential for continued biofuel adoption [12] .
In 2015, historical leaders Brazil and the United States produced approximately 70% of the global biofuel supply [3] , consisting primarily of sugarcane-based and corn-based ethanol, respectively. Suppliers in the European Union and Asia represent emergent markets that have developed in the last two decades (Figure 2 ). Among the newer producing regions, the European Union focuses on bio-diesel from waste, soy, rapeseed, and palm [13] . This compares to production in Asia, which centers on sugarcane, corn, wheat, and cassava, with investment also occurring in palm, soybean, rapeseed, and Jatropha [14] . This type of regional and feedstock-based diversification may be conducive to the formation of an international biofuel commodities market [15] .
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Looking at broad numbers and types, the global biofuel supply equaled approximately 35 billion gallons in 2015 (Figure 3 ), consisting roughly of a 3:1 breakdown of ethanol to bio-diesel [3] . Conventional biofuels (Generation 1) produced from sugar, starch, vegetable oil, or animal fat reflected the majority of the supply. In recent years, vegetable-based biodiesel nearly matched the ethanol supply produced from sugarcane [16] . Primary fuels, feedstock, and classifications are discussed next. The yaxis represents the % share of each feedstock used (Source: Data adapted from [16] . Note: Sugar crops include ethanol produced from sugar cane as well as sugar beets in the European Union). Global biofuel production by region (thousand barrels per day). Data adapted from [8] .
Primary Fuel Types
Looking at broad numbers and types, the global biofuel supply equaled approximately 35 billion gallons in 2015 (Figure 3 ), consisting roughly of a 3:1 breakdown of ethanol to bio-diesel [3] . Conventional biofuels (Generation 1) produced from sugar, starch, vegetable oil, or animal fat reflected the majority of the supply. In recent years, vegetable-based biodiesel nearly matched the ethanol supply produced from sugarcane [16] . Primary fuels, feedstock, and classifications are discussed next.
Looking at broad numbers and types, the global biofuel supply equaled approximately 35 billion gallons in 2015 (Figure 3 ), consisting roughly of a 3:1 breakdown of ethanol to bio-diesel [3] . Conventional biofuels (Generation 1) produced from sugar, starch, vegetable oil, or animal fat reflected the majority of the supply. In recent years, vegetable-based biodiesel nearly matched the ethanol supply produced from sugarcane [16] . Primary fuels, feedstock, and classifications are discussed next. The yaxis represents the % share of each feedstock used (Source: Data adapted from [16] . Note: Sugar crops include ethanol produced from sugar cane as well as sugar beets in the European Union). The y-axis represents the % share of each feedstock used (Source: Data adapted from [16] . Note: Sugar crops include ethanol produced from sugar cane as well as sugar beets in the European Union). Ethanol is produced by fermentation of sugar from cane or beets, starch from corn or wheat, or root crops like cassava [17] [18] [19] . It has a higher-octane rating than conventional gasoline and improves combustion properties, allowing engines to operate at a higher compression ratio [20] . Ethanol also has a lower energy content per volumetric unit relative to gasoline of roughly 70% [4, 5] . These features translate into less pollution and generally fewer miles per gallon compared to petroleum-derived gasoline, if produced with methods that minimize emissions. In most regions, ethanol is used as a fuel additive in gasoline at roughly 10%, rather than a total replacement [3, 17, [21] [22] [23] [24] [25] . Brazil is a notable exception, where the fleet of flex fuel cars operates on any blend of gasoline and ethanol or solely on ethanol [1] . Vehicle design improvements could allow for mid-level blends of 20%-40% to be used with enhanced efficiency. This is in contrast with that seen currently with the flex fuel vehicle operating on E85 (i.e., 85% ethanol blend), though at somewhat reduced efficiency [24] .

Biodiesel is produced through an esterification/trans-esterification reaction of vegetable oils (soybean, palm) or animal fats with an alcohol to generate fatty acid methyl esters (FAME) and a substitute for or blend additive for diesel. Structurally, the two diesels are distinctly different: fossil fuel-based diesel is a hydrocarbon consisting of 12-20 carbon atoms, whereas biodiesel is a three-carbon ester that burns much like diesel. Biodiesel, however, is cleaner and attains a fuel economy similar to diesel [25] . Biodiesel is prevalent in regions like the EU and parts of Latin America, namely Argentina and Columbia [26] .
Generation 2/Advanced Biofuels
Generation 2/Advanced Biofuels are produced typically from non-food crops and residues or waste materials. Key conversion processes include hydrolysis and fermentation, hydrotreating, pyrolysis, and alcohol fermentation from syngas.
Common forms include 'drop-in fuels' and biobutanol.
'Drop-in fuels' are renewable diesel and gasoline that are derived from lipids (i.e., vegetable oils, animal fats, greases, and algae) or cellulosic materials (i.e., crop residues, and woody biomass) that are structurally/chemically similar to traditional petroleum-based gasoline and diesel fuels. These fuels can readily displace fossil-derived fuels because, unlike other biofuels, they do not have compatibility issues with engines or infrastructure, making them easier to adopt in the supply chain. The technical ease and lower costs of integrating these fuels into markets is an advantage, since no major investment is needed for existing, petroleum-based infrastructure. Renewable diesel is produced by hydrotreating, gasification, pyrolysis, and other thermochemical and biochemical pathways [27] . Hydrotreated biodiesel produced from vegetable oils (HVO) or animal fats does not have some of the detrimental effects of ester-type biodiesel fuels, such as issues with increased NO x emissions, deposit formation, storage stability problems, more rapid aging of the engine oil and poor cold properties [28] . As straight-chain paraffinic hydrocarbons, HVOs do not produce sulfur and have high cetane numbers [28] , which allow higher speed diesel engines to operate more efficiently. Renewable gasoline, like ethanol but developed through different pathways, can be produced from the fermentation of sugars. Drop-in fuels can also be produced with processes like catalytic conversion of sugars [29] .
Biobutanol is a biomass-based fuel that is produced by fermenting the same feedstock as ethanol, but is mediated by different microorganisms. Its energy density is 10%-20% less than that of gasoline, which is relatively high among gasoline alternatives such as biodiesel or ethanol [27] . Byproducts include not only transport fuel, but also solvents/coatings, plastics, and fibers. Relative to ethanol, biobutanol has a lower vapor pressure that translates into lower volatility and fewer evaporative emissions [27] .
Key Feedstocks for Biofuel Production
The diversity of feedstock options for biofuels is fairly significant with local conditions typically framing the choice. The following section and Table 2 expand on this.
Lignocellulose
Lignocellulosic material is derived from non-edible crops that have the advantage of limiting cropland expansion and related emissions, with appropriate practices [30] . This plentiful feedstock can be obtained from many different sources, including switchgrass, trees, and agricultural crop residues, such as rice straw, wheat straw, corn stover, and sugarcane bagasse [31] . Depending on the source, there is a large amount of available land. Looking at straw for example, 2.3 billion tons of straw were available in 2011, which has the theoretical potential of making 560 million tons of ethanol [32] . Climate and water needs for lignocellulose vary depending on the source of lignocellulose that is used [33] . There is an incentive to utilize this non-food crop in lieu of traditional corn. The challenge is to produce the fuel economically as the process involves breaking down fibrous plant walls into sugars, which is an expensive step. Once sugars are formed, they can be fermented to produce cellulosic ethanol.
Algae
Algae refers to a group of photosynthetic organisms, which has promising potential for biofuels in terms of high oil content, limited waste streams and minimal land requirements (compared to biomass), depending on the production pathway [34, 35] . Water is essential for algae cultivation, and can include fresh water, brackish, saline, and wastewater types. Methods of cultivation and recovery vary with implications for energy and environmental effects. Data has been limited to date, so there is a fair amount of uncertainty associated with environmental impacts of this feedstock [34] [35] [36] . As of 2011, current environmental impacts were deemed negligible, as scaled production had not been demonstrated [34] .
Corn
Corn (maize) is a fundamental food staple that can be grown in a range of climates from tropical to temperate, and may be sensitive to frost. Fertilizer and pesticide needs are high for this crop [37, 38] . For feedstock and ethanol production, water needs are relatively low on the unit basis of ethanol produced [37, 39, 40] . The United States leads the world in using corn to produce ethanol for fuel.
Jatropha
Jatropha is a non-food, perennial crop that can be grown on marginal land with a range of climates, soil and water conditions. It is versatile in a variety of climates, highly resistant to drought, and is able to shed its leaves to conserve water [41] . There are many countries worldwide that are beginning to invest more in Jatropha. The largest production is currently in Guatemala which has designated 25,000 acres of land for Jatropha growth. Additional countries that are investing in this crop include Mexico, the Sudan, Ethiopia, and India [42] .
Palm
Palm is a prime feedstock for biodiesel, and is produced for biofuels in Indonesia, Malaysia, and other countries of Southeast Asia [43] . Its oil is a fundamental food staple. It is the largest source of vegetable oil consumed worldwide [44] [45] [46] . Palm trees require deep soil, a relatively stable high temperature, and continuous moisture throughout the year. This feedstock grows in rainy and tropical land. 
Soybeans
Soybeans are a prime fuel and food crop, accounting for 25% and 65% of the global consumption of oil/fats as well as meal/cakes, respectively [46] . The largest producers are the USA and Brazil [55] . This crop can be grown in tropical, subtropical, and temperate climates [48] .
Sugarcane
Globally, sugarcane is the second largest feedstock for ethanol production, and is a basic food crop that is grown in tropical climates. It can have multiyear harvests tied to a single planting [43] . Sugarcane is grown in deep soil using fertilizers that are high in nitrogen and potassium, and low in phosphorous [48] . Sugarcane requires a constant supply of water throughout the growing season, with varying amounts depending on the climate conditions [48] . Brazil is traditionally the most notable producer of sugarcane-derived ethanol.
Sweet Sorghum
Sweet sorghum is a multi-purpose and annual grass crop that is produced mostly by the USA, Nigeria, and India [37] . It is a variety of sorghum that has a high sugar content. It can grow in tropical, sub-tropical, and temperate regions. Relative to sugarcane, sweet sorghum is more versatile, capable of growing with limited water and in poor/shallow soil [37] . Compared to sugarcane and sugar beet alternatives, sweet sorghum is drought-resistant and has a much shorter growing cycle of four months [37] . Given its 70% water content, sorghum must be processed quickly post-harvest [37] . Table 2 summarizes the major types of feedstock, based on growth attributes and producers. Looking across the feedstock options, Jatropha, rapeseed, soybeans, and wheat have some of the shortest growth periods at 85-130 days. Rapeseed and rye may be consistently cultivated in lower temperatures, whereas sugarcane must be cultivated in a higher temperature environment. Algae, sugarcane and palm have higher requirements for water.
Notable Comparisons
Key Issues and Performance Considerations with Biofuel Sustainability
The following highlights a number of issues and performance considerations for biofuels in the context of sustainability. Implications for ecological systems, society, and the economy are explored.
The Food-Fuel Debate
The competition for cropland between biofuels and food came to the foreground of public agendas in connection with the volatility of global agriculture prices in 2006-2008, and 2010-2011 [56-60] (Figure 4) . From 2006 to 2008, for instance, cereal and oilseed prices doubled in close alignment with overall food index prices [47] . Peak prices for cereal and oilseed increased further in 2011-2012, with corn prices attaining even greater spikes in 2012-2013 [43] . Sugar prices tracked more erratically, increasing by more than a factor of 2.5 between 2007 and 2011.
It bears noting that price fluctuations are not uncommon, as food price crises occurred in the 1950s and 1970s. However, the degree of volatility and number of affected countries was quite high with the recent surge [57] . For the period between 2006 and 2011, there is broad agreement that the surge was higher than the previous two decades, but lower than what occurred in the 1970s [57] .
higher oil prices, weather conditions, investor speculation, and biofuel production [43, 56, 57, 63, 64] . Some estimate that 20%-40% of the rise in food prices was attributable to global biofuel growth [26] . 
Emissions
Emissions from biofuels became a point of contention in recent years. This is largely explained by the complex and highly sensitive methods, assumptions, value choices, and localized data differences that were involved, as well as temporal and regional scoping that can affect results. Not surprisingly, the literature on biofuels reflects a spectrum of competing claims about sustainability. There are, for instance, claims that the net GHG emissions from biofuels can be worse than those attributed to gasoline in terms of climate effects in the lifecycle assessment scenario [62] [63] [64] . Alternatively, biofuels are also reported to reduce GHG emissions by 60%-94% relative to fossil fuels [65, 66] . Looking at regional distinctions, biofuel development in less technologically advantaged countries is also singled out as producing higher GHGs than in more technologically advanced nations [67] . Here, one can see environmental nuances to biofuel adoption, as well as societal asymmetries, which can in turn produce mixed outcomes in sustainability terms. Biodiesel, for instance, can favorably reduce particulate matter by nearly 88% relative to petroleum-based diesel [68] . Yet this same fuel can also produce mixed results by releasing greater amounts of nitrogen oxides, thereby negatively impacting the environment.
Land
Land use is another primary focus of biofuel sustainability. As the global population continues to grow [69] , the expansion of land usage can be expected from food, societal expansion, and biofuels. The United Nations' Food Agriculture Organization estimates that cultivated areas of global land increased by a net 159 million hectares (Mha) or 12% since 1961, during which time irrigated land doubled and agricultural production grew by a factor of 2.5-3 [70] . In this period, concerns over food shortages were met partly by the intensification of fertilizers and pesticides, in addition to new uses of digital information and genetics [71] . A recent estimate indicates that less than 3% of global During the period of food price escalation, there were also increases in biofuel production, leading to a concern about the links between food and fuel [43] . In both 2008 and 2011, G20 agendas focused on basic food commodity prices [43] . Concern centered largely on: (1) biofuels impacting food prices, which would disproportionately affect the poor; and (2) land conversion by fuel-based crops that could displace food-based crops or lead to new land appropriation in other areas [60] [61] [62] . No single cause was identified. Analysis indicates that a number of factors were at work, including higher oil prices, weather conditions, investor speculation, and biofuel production [43, 56, 57, 63, 64] . Some estimate that 20%-40% of the rise in food prices was attributable to global biofuel growth [26] . Others point to the complicated mix of factors impacting land use, end-use, and markets for flexible crops [60] . While social, environmental, and economic issues remain to be assessed, debates continue over how to even define and appropriately measure price volatility [43] .
Emissions
Land
Land use is another primary focus of biofuel sustainability. As the global population continues to grow [69] , the expansion of land usage can be expected from food, societal expansion, and biofuels. The United Nations' Food Agriculture Organization estimates that cultivated areas of global land increased by a net 159 million hectares (Mha) or 12% since 1961, during which time irrigated land doubled and agricultural production grew by a factor of 2.5-3 [70] . In this period, concerns over food shortages were met partly by the intensification of fertilizers and pesticides, in addition to new uses of digital information and genetics [71] . A recent estimate indicates that less than 3% of global agricultural land is currently dedicated to cultivating biofuel crops; nonetheless, concerns over land grabbing and indirect land use change for biofuels do exist [72] [73] [74] .
Looking ahead, a number of studies on the biomass potential of land shed light on the potential for biofuel production. One calculation found that, of the 13.4 billion hectares (Gha) of the global total land surface, 0.7 Gha is gross available land, with 0.44 Gha reflecting the technical upper limit of what could be utilized for the production of biofuels and other bioenergy by 2050. Here Gha refers to the average productivity of all biologically productive areas (in hectares) on earth in a given year [75] . Of the potential regions for expanding cultivable land, roughly 80% is expected in Africa and South and Central America-primarily in Angola, the Democratic Republic of Congo, Sudan, Argentina, Bolivia, Brazil, and Columbia [76] . In the absence of breakthroughs, such as with agricultural yields, these countries will be pivotal in terms of the environmental, economic, and societal aspects of biofuels, and larger agricultural needs.
Water
Similar to land, water raises questions about the limits associated with biofuels. To put this into context, roughly 70% of the total world's freshwater is used for agriculture [71] and countries are already experiencing water scarcity issues. Among the nations affected are 30 developing countries [71] . By mid-century this number is projected to increase to 55 countries [71] .
Biofuel development could overtax not only the available supply of water, but also the quality of the water, if produced alongside rising food production. Assuming that agriculture intensifies with more fertilizers to produce fuel crops (to feed a rising population of over 9 billion by 2050), the practice of farming for biofuel feedstock could exacerbate problems in regions that are already challenged by runoff into water aquifers and rivers that create dead zones [26, 40] . Importantly, there are some approaches to biofuel production that are seen as having a benign effect on water utilization. Planting switchgrass strategically, for instance, alongside cropland and waterways could minimize nitrate contamination of groundwater [77] .
At this point in time, rising energy demands combined with water resource limitations and hydrologic variability leave a fair amount to be understood in terms of spatial and temporal patterns for water requirements [78] . It is clear that this remains a key area to monitor for environmental and societal implications.
Biodiversity
Land conversion and its use for biofuels can affect biodiversity, an environmental dimension of sustainability. Clearing land and forests for cropland may eliminate or disrupt natural habitats for a wide range of species [79] . However, methods for evaluating biodiversity impacts are still nascent. For lifecycle assessments, the 'biodiversity damage potential' and the 'potentially lost endemic species' metric are rough gauges [79] [80] [81] . This area has clear relevance for biofuel sustainability determination and related assessments, as with ecosystems services [82, 83] . To date, biodiversity has perhaps been best integrated into biofuel planning with respect to agricultural zoning [84] .
Fuel Performance
If biofuels and fossil fuel counterparts are contrasted, a range of differences is evident. Favorable octane gains can be observed, for instance, with biofuels, along with less favorable energy fuel economies relative to fossil fuel substitutes. Higher octane ratings refer to the capacity to withstand compression before igniting. Specific to ethanol, the fuel economy translates into a reduction of 25%-30% in fuel miles per volumetric unit versus gasoline, whereas for biodiesel, the difference is less (relative to diesel). If mid-level blends of biofuels are used at 20%-40%, octane benefits can be derived without much energy penalty of the higher blends, though engine and vehicle design changes are required with investment in infrastructure [24] .
Assessing specifically the average emissions impact of biodiesel for heavy-duty highway engines, tests indicate that biodiesel minimizes emissions; however, the decrease depends on the biodiesel source and mixture [85] . If 100% biodiesel is used, combustion produces on average nearly 70% less hydrocarbons, nearly 50% less particulates as well as carbon monoxide emissions, and 10% more NOx [85] . Furthermore, the potential for ozone formation by biodiesel is roughly half that of conventional diesel. Sulfur oxide emissions, an enabler of acid rain, are negligible relative to those from conventional diesel [79, 85] . With increased biofuel use, one must also factor for a growth in acetaldehyde emissions, which can increase smog and ozone in the atmosphere [85] . (Looking somewhat differently at supply chain emissions for ethanol and biodiesel (excluding land use), ethanol has been estimated at 2-69 kg CO 2 -eq/GJ versus 20-49 kg CO 2 -eq/GJ for biodiesel [79, 86, 87] , indicating a wider range of environmental impact of ethanol.)
Focusing narrowly on a specific fuel type such as ethanol, additional distinctions emerge depending on the feedstock generation type used. For example, ethanol produced from second-generation cellulosic feedstock requires more energy to break down lignin in cellulose. However, emissions from the combustion of conventional biofuels can still be greater than in second-generation fuels due to higher overall fuel and fertilizer inputs during production [79] . Process advances through enzyme efficiency may offer opportunities to reduce the total system-level emissions from second-generation ethanol [79] .
Tradeoffs of Fuel Sustainability
With advanced biofuels, greater technical potential exists by drawing upon natural and anthropogenic waste, which could circumvent food-fuel concerns, reduce carbon emissions, and likely reduce pressure on land and water. However, substantial investment will be required, and cost reductions are still needed at the commercial scale [13] . Specific to algae production, the feedstock utilizes less land than other biofuel inputs on a land per volumetric unit of fuel basis [35] . In conjunction with this, fewer impacts can be expected in terms of land, fertilizer, and pest control [88] . In terms of water, currently algae growth has relatively high needs, so algae-based biofuel may not be suitable for water-challenged regions. Technological advances are also needed both to reduce the costs associated with the dewatering step as well as for identifying algal species that produce high yield.
If one considers land use with residue-based feedstock for advanced biofuels versus that required for grain and dedicated crops in conventional biofuels, the former is more favorable since no additional land is required. Such a scenario avoids competition for land, and, in turn, has minimal impacts on food prices as well as GHG impacts [62, 86] and likely water. Crop residue removal for advanced biofuels could also have positive impacts on pest and disease control [89] . Yet residue utilization can also be disadvantageous, since crop residues also conserve soil properties, enhance soil productivity, sequester carbon in soil, and conserve water [89] . Such tradeoffs merit further investigation. Table 3 presents data on a number of biofuels' attributes, including water and energy. As with life cycle assessments, one must factor for variations in scoping and accounting. Looking across feedstock options, water needs are highest for algae, rapeseed, and sugarcane. The energy balance is highest for rapeseed-based fuel and cellulosic ethanol. Somewhat differently, the energy intensity reflects biodiesel at much higher values than ethanol per volumetric unit. If yields as well as fertilizer requirements are factored in, some estimates indicate that the energy return on investment for sugarcane ethanol relative to corn-based ethanol is 4-6 times larger [79] .
System disturbances represent another area of consideration. Broadly speaking, accidents with biofuels may be less dangerous to the environment relative to fossil fuel substitutes, since biofuels will more readily biodegrade [79] . If indirect impacts are considered, such as those associated with the use of tallow and cooking oil in biofuels, there are benign effects in the removal of such waste products from the system that could contaminate ground water [79] . Cellulosic ethanol 43 g [94] 6.5 (Switchgrass) 387 (drought conditions) [95] 21.3 [90] 21 (Switchgrass) 20.4 (corn stover) 21.4 (miscanthus) [90] Algae biodiesel 44 (enclosed production) 216 (open production) [95] 32.7 [92] Note: (1) Energy intensity gauges the amount of energy released from combustion of a fuel, in this case, measured in MJ released per liter of biofuel; (2) Water intensity is the amount of water required to produce a fuel, here measured in liters of water needed per liter of fuel produced-this includes the water needed in the production of the biofuels and the water needed to grow the feedstock; (3) Energy balance is the net energy in the product after deducting the total required energy to produce the fuel. * Calculated.
Policy Considerations
Policy has played a pivotal role for biofuels and will likely continue for the foreseeable future by encouraging or impeding sustainable approaches, reducing barriers, and highlighting information or funding needs. This section outlines policy approaches for key biofuel-producing regions. A critical review follows, outlining unsustainable system issues with policy-related trade activity.
Brazil
In Brazil, the blending requirement for ethanol recently has been 18%-27.5%, currently 27% [96] . Rules for the biodiesel mix designate a stepped timetable to increase the mix from 7% to 10% by 2019 [96] . A regional producer subsidy for ethanol is in place to more evenly balance costs of production between less and more developed growth regions. In conjunction with the economic downturn, no support was provided in 2015 [96] . Tax incentives exist for ethanol-conducive vehicles, which translate as a reduced tax burden for flex fuel vehicles versus that for strictly gasoline-only fueled vehicles. Specific to biodiesel, the National Biodiesel Production Program (PNPB) was launched in 2004, compelling suppliers to procure vegetable oil from small producers and family farms [1, 97] . Tax exemptions and incentives are in place for biodiesel, based on feedstock, producer size, and region, in order to encourage production and social inclusion [48] . An intricate tax policy system also exists for fuels, spanning local to federal jurisdictions that are currently set to be favorable for ethanol versus gasoline [55] . However, the setting of artificially low gasoline prices to counteract inflation in recent years had a deleterious effect on biofuels [1] . Support for project financing in the form of investment credit lines is also indicated [55] , yet it is unclear how readily these funds will be available given the current economic conditions [1] .
China
Bioenergy is a dimension of China's strategic energy planning. Biofuel programs have been implemented since the early 2000s, with direct subsidies for conventional grain-based biofuels now discontinued [98] . The 12th Five Year Plan that ended in 2015 included a goal of producing 4 million tons of fuel ethanol and 1 million tons of biodiesel [98] . Broadly, the country has a 15% biofuels target by 2020 and aims to move toward a 10% mandate [99] . In addition, a number of the provinces have mandates in place to blend 10% biofuels [99] . With China taking an active role in curbing CO 2 emissions, more policies to encourage renewables including biofuels are anticipated.
EU
Regulations for the use of transport-based biofuels are outlined in the 2009 EU Energy and Climate Change Package (CCP) [100]. The CCP includes requirements which stipulate that 20% of the overall EU energy mix should be renewable energy in 2020. Within the CCP, the Renewable Energy Directive (RED) defines sustainability requirements for liquid biofuels, encompassing GHG reductions, land management, as well as additional environmental, social and economic criteria [21] . In 2015, the European Commission established a 7% cap (energy basis) on conventional, food-based biofuels in transportation by 2020, which limits future production of Generation 1 biofuels [21] . It resides within a larger 10% target in the RED that is obligatory for all member states. Advanced (non-food) biofuels are noted with a non-binding five percent national target. Member states have until 2017 to implement the revised rules [21, 23] .
India
In 2009, a national biofuels policy was instituted, encouraging the use of renewable energy in transport, with an aim to replace 20% of petroleum-based fuel with biofuels by the end of the 12th Five Year Plan in 2017 [101] . In 2014, diesel prices were deregulated, enabling more favorable conditions for biodiesel production [101] . The government announced a blending requirement of 10% ethanol in gasoline, beginning with the October 2015/2016 sugarcane season, alongside existing rules that set minimum sugarcane pricing [99] . Discussions are now focused on amending the 2009 biofuels law, including coverage of a mandatory blend for biodiesel. A recent push by India to become a "Methanol Economy" and a net zero petroleum import country is an endeavor to watch in the coming years with respect to the impact on biofuels and national policy associated with alternate fuels [102] .
United States
The USA requires the use of a minimum volume of biofuel in transportation, but does not mandate its production [103] [104] [105] . This policy is enshrined in the Renewable Fuel Standard (RFS) that was established with the Energy Policy Act of 2005 [106] and later enlarged with the Energy Independence and Security Act of 2007 [107] . The Environmental Protection Agency oversees the RFS mandate, which essentially is designed to increase consumption volumes from 9 billion gallons of renewable fuel in 2008 to 36 billion in 2022 [103] [104] [105] . The RFS outlines four categories of fuels that meet the statutory requirements, with sub-mandates existing for various advanced fuels. The EPA regulates compliance with a tradeable credit system, and waiver capabilities [103] [104] [105] . The agency is required to announce volumetric requirements each November for the upcoming year, with the exception of biomass-based diesel, which must be announced 14 months in advance [103, 104] . Tax credits for blending provide $1.00 per gallon of biodiesel, agri-biodiesel, or renewable diesel that is blended with petroleum diesel to produce a mixture that includes at least 0.1% diesel fuel [108, 109] . Related tax credits exist for delivery of 100% biodiesel as an on-road fuel [110] . Feedstock incentives provide financial support to establish biomass feedstock crops for advanced biofuels facilities and produce advanced biofuels [111] [112] [113] .
Unsustainable System Issues-Conflicts between Sustainability, Policy, and Trade
In the following we outline recent issues which emerged in connection with national biofuel-based policy and trade, fostering conditions that ran counter to the fundamental precepts of sustainability.
The U.S. biofuels policy for the blender's tax credit on biodiesel serves as an unusual basis for unsustainable trade interactions. The $1.00 per gallon tax credit enabled U.S. refiners to import biodiesel, such as rapeseed oil, from the EU. Once in the USA, the biodiesel was mixed with 0.1% diesel, and then the refined fuel was shipped back to the EU, allowing the suppliers to collect the credit and sell the fuel in the EU at below market prices [43, 114] . The EU biodiesel industry challenged this on the grounds that the inexpensive and subsidized biodiesel flooded the EU markets [43, 114] . Following a review, the EU implemented anti-dumping and countervailing duties on U.S. biodiesel imports in 2009. Despite the expiration of the blenders' credit in 2009, the credit has been extended several times. Amplifying on this, two-region dynamic, Canadian suppliers also benefitted from the above U.S. and EU conditions, with producer tax credits for domestic, Canadian producers that added to the gains [43, 114] .
The unusual entanglement of biofuel policy and trade activity with 'splash and dash' has since been somewhat stymied with the EU extending its anti-dumping measures in 2011 to biodiesel consigned from Canada [115] [116] [117] . Analysis suggests, however, that the EU anti-dumping and countervailing measures did not entirely alter the policy-induced conditions, since U.S. biodiesel exports could be trans-shipped through intermediary points [43, 114] . (In November 2013, anti-dumping limits were also imposed on Argentinian and Indonesian biodiesel, and in September of 2016, the EU Court annulled the anti-dumping rules on Argentina and Indonesia [118] ).
The broader sustainability implications of the 'splash and dash' example underscore real issues with unintended consequences of policy. Multiple rounds of fuel shipping to obtain economic gains resulted in additional fuel use and related GHG emissions/environmental effects, etc. In conjunction with this, short-term economic gains accrued for producers but undermined broader sustainability interests at the global systems level. The long-term durability of the system also did not reflect sound economics, as U.S. tax-payers were subsidizing inexpensive biodiesel in the EU.
Another example of unsustainable policy and market dynamics was recently evident in the ethanol swap between Brazil and the USA. In this case, U.S. policies created an unintended market dynamic by designating sugarcane-base biofuels as advanced biofuels, and corn-based ethanol as conventional biofuels. While corn and ethanol-based biofuels function similarly in technical terms, this policy classification was based on GHG savings of the production cycle. (This was done at the national level through a U.S. Environmental Protection Agency rule [33] . A similar policy dynamic appeared and persists at the state level in California with the Low Carbon Fuel Standard mandate. This rule gauges fuels based on lifecycle GHG emissions [119] , and requires the substitution for fossil fuels with low carbon fuels.) In line with this, Brazilian sugarcane-based ethanol was shipped to the USA to meet higher threshold needs of advanced biofuel requirements. In doing so, shortfalls emerged in Brazil, which were met by American corn-based ethanol being exported to Brazil [120] . The interaction of the two markets for different qualifying fuels produced an international fuel swap with a highly unsustainable dynamic of increased transport fuels and emissions, in addition to unintended economics in which American biofuel subsidies were paying for Brazilian fuels. Broadly speaking, the advanced biofuel was supposed to be low-carbon and sustainable. In real, systemic terms, the fuel became more carbon-intensive and much less sustainable due to the accompanying practices.
Both examples emphasize the need for systems thinking by decision-makers and regular monitoring of policies to enable mid-course corrections.
Investment in Biofuels
Looking beyond the technical aspects, sustainability/performance, and policy aspects of biofuels, another critical dimension of the biofuel outlook can be found in investment trends.
Global investment in biofuels was estimated to equal $3.1 billion in 2015, reflecting a decline of 35% relative to 2014 and more than 80% in nominal terms since 2008 [121, 122] . At the beginning of the 21st century, billions of dollars were invested in advanced biofuel projects by international oil companies, with many of the projects later being abandoned [123] .
Commercialization of advanced biofuels is more costly and protracted than originally anticipated [122] . The decline in per barrel oil prices from $115 in June 2014 to $27 in 2015 recovered somewhat to roughly $50 in most of 2016, yet the absence of a coherent biofuel policy in the United States for much of 2015, plus necessary time and financing, have combined to deter all but a small set of investors [123] .
Key players that are crucial for enabling investment and other development at scale for biofuels will continue to include airlines and other, large corporations. Among airlines, United Airlines signed a $30 million deal in 2015 with Fulcrum Bioenergy to provide alternative jet fuel at prices that are competitive with conventional jet fuel [124] . JetBlue also signed a 10-year power purchase agreement with S.G. Preston for renewable jet fuel that is produced from non-food, hydro-processed esters and fatty-acid-based feedstock [125] . Outside of aviation, large companies like Dupont (known for its historical strength in chemicals and ammunition) are driving the development of cellulosic plants [126] .
Global production capacity for advanced biofuels at the end of 2015 was estimated to be 225 million gallons per year [127] . Planned capacity would add another 390 million gallons per year, with initiatives underway in Brazil, China, Canada, the Netherlands, the United Kingdom, Sweden, France, and the USA [127] . Notably, the majority of the existing capacity is in ethanol (Figure 5) . the 21st century, billions of dollars were invested in advanced biofuel projects by international oil companies, with many of the projects later being abandoned [123] .
Global production capacity for advanced biofuels at the end of 2015 was estimated to be 225 million gallons per year [127] . Planned capacity would add another 390 million gallons per year, with initiatives underway in Brazil, China, Canada, the Netherlands, the United Kingdom, Sweden, France, and the USA [127] . Notably, the majority of the existing capacity is in ethanol ( Figure 5 ). When viewed from the standpoint of development stages for advanced biofuels, more than 80% of existing capacity is commercialized (Figure 6 ), the majority of which started in 2014 or later [127] . In 2015 and early 2016, two commercial-scale, advanced biofuel plants were commissioned (Finland and the United States), plus three pilot-scale demonstration plants [128] . The performance of these plants could be pivotal for future deployment.
Important, continuing challenges remain for advanced biofuels in ensuring sustainability and reducing production costs [129] . The most challenging aspect of algae-derived fuels, for example, is the dewatering step [130] . Specific to production costs for advanced biofuels, recent estimates are significantly higher than $3 per gallon, which substantially exceeds the untaxed price of petroleum alternatives [131] . One can look, for instance, at the Abengoa SA, owner of a cellulosic biofuel plant in Kansas, which suspended operation in late 2015 and filed for bankruptcy [132] . The plant was built When viewed from the standpoint of development stages for advanced biofuels, more than 80% of existing capacity is commercialized (Figure 6 ), the majority of which started in 2014 or later [127] . In 2015 and early 2016, two commercial-scale, advanced biofuel plants were commissioned (Finland and the United States), plus three pilot-scale demonstration plants [128] . The performance of these plants could be pivotal for future deployment. with loan guarantees of $132.4 million and a $97 million grant from the U.S. Department of Energy [133] . This example underscores not only the challenges of developing economically competitive, advanced biofuels, but of managing technological progress in an emerging market. 
Conclusions
Biofuels remain in a pivotal position today for the transport sector in sustainability terms. Important, continuing challenges remain for advanced biofuels in ensuring sustainability and reducing production costs [129] . The most challenging aspect of algae-derived fuels, for example, is the dewatering step [130] . Specific to production costs for advanced biofuels, recent estimates are significantly higher than $3 per gallon, which substantially exceeds the untaxed price of petroleum alternatives [131] . One can look, for instance, at the Abengoa SA, owner of a cellulosic biofuel plant in Kansas, which suspended operation in late 2015 and filed for bankruptcy [132] . The plant was built with loan guarantees of $132.4 million and a $97 million grant from the U.S. Department of Energy [133] . This example underscores not only the challenges of developing economically competitive, advanced biofuels, but of managing technological progress in an emerging market.
Biofuels remain in a pivotal position today for the transport sector in sustainability terms. They are an important link for cross-cutting priorities in agriculture, energy, the environment, and socioeconomic development, having relevance for multiple industries. They also have varied favorability profiles that are linked to local conditions, practices, and cascading effects between agriculture and energy systems.
In the near term, increases in production yields will likely be the mainstay for sustainability. Specific to Generation 1 fuels, the system durability improvements may advance with strategic crop rotation, plant and system complementarities, and co-products. For Generation 2 fuels, capacity is being rolled out, but a steep technology learning curve exists. Good potential remains for feedstock, like that of Jatropha, switchgrass, and algae, which have limited (new) land footprints, but these await better economics. A number of projects have been delayed or cancelled. The key will be in getting the economics and scalability right with the next set of adopters. Until one or more critical breakthroughs occur, policies will be instrumental for the sustainability and scalability of biofuels. Policies can draw attention to more productive biofuels. Policies will also be key for ensuring that food security and the natural system are not undermined, as favorable community objectives are pursued. It bears underscoring that not all policies are sound. Lessons show that sustainability-related policies can produce unintended consequences that run counter to the basic tenets of sustainability. Here, interim systems thinking and performance checks will be critical.
Ultimately, the road ahead for biofuels remains mixed as their future is tied to uncertainties in physical limits, economic advantages, and social priorities. Some of the most exciting developments may emerge in the aviation industry. The system limits, however, will require periodic review to consider feedback effects and spillovers into other systems and industries.
